China Spallation Neutron Source (CSNS) is a neutron facility with 100 kW beam power, which can be upgraded to 500 kW after several years irradiation. The moderator-reflector plug is divided as Inner Reflector Plug (IRP) and Out Reflector Plug (ORP) for cost saving. The IRP consists two moderators, beryllium (Be) reflectors and upper shielding blocks. It should be periodically replaced due to radiation damage caused by intensity neutrons and other secondary particles. Since the IRP is highly activated after several year irradiation, the intensity residual gamma rays result the severe challenge for its replacements and potential radiation exposure to the personnel. Detailed calculations about the radionuclides, activity, decay gamma rays and dose rate distributions of the IRP are performed. The dose rates to the personnel during the maintenance scenarios are assessed. The shielding casks used to transport these activated components are also designed. Detailed information about the dose rate distributions during the IRP replacement is analyzed. Calculations are performed by Monte Carlo code MCNPX2.5 and the activation code CINDER'90 combined with an Activation Script and a Gamma Source Script.
Introduction 1
China Spallation Neutron Source (CSNS) is a new facility being in construction in south of China [1] . It consists an accelerator delivering a 1.6 GeV proton beam with 100 KW beam power at a 25 Hz frequency on to a W-Ta target. Three different moderators are selected to slowdown the fast neutrons, supplying thermal neutrons to 19 instruments for scientific research. A high energy neutron beam is specially designed in the forward direction for single event effect (SEE) research. Beryllium (Be) and Iron (Fe) reflectors are used to increase thermal neutron intensity. Considering higher power neutron facilities built in the world, CSNS will be upgraded to 500 kW beam power after several years operation.
The moderator-reflector plug is separated into inner reflector plug (IRP) and outer reflector plug (ORP) for cost saving consideration. The decoupled water moderator (DWM) and the decoupled and poisoned hydrogen moderator (DPHM), which have life time about six years at 500 kW beam power, are fixed in the IRP section. While the coupled hydrogen moderator (CHM) with longer life time, is fixed in the ORP section. Radiation damage of structure materials exposed to high intensity neutrons and other secondary particles forces *Corresponding author. Email: qzhyu@aphy.iphy.ac.cn periodic replacement of these moderators. Since these moderators and the surrounding components are highly activated and will emit high intensity residual gamma rays, severe challenge exists for their replacements and potential radiation exposure to the personnel.
In this paper, the radiation assessment of the IRP is much of concerned. Detailed information about the radionuclides, activity, decay gamma rays, dose rate distributions is calculated, as well as the thickness of the shielding casks. Calculations are performed by Monte Carlo code MCNPX2.5 [2] and activation code CINDER'90 [3] combined with an Activation Script and a Gamma Source Script, with variance reduction methods for decreasing the statistical errors.
Codes and methods
The calculation sequence of the residual gamma dose rate in the IRP is as follows. Firstly, MCNPX2.5 is used to simulate the proton beam interacting with the target station. Bertini intranuclear cascade model coupled with RAL evaporation-fission model is used to determine the spallation products for high energy interactions (E>20MeV). The nuclear data library ENDF-B/VI is used to calculate the low energy neutron (E<20MeV) fluxes in a 63 energy group structure. Secondly, the activation code CINDER'90 is used to determine the residual gamma source in the IRP at interested time steps. This code solves the Bateman equations and deduces the time dependence of isotope buildup and decay. Thirdly, an Activation Script provides the interface between MCNPX2.5 and CINDER'90, providing residual gamma rays of interested cells. And a Gamma Source Script extracts the gamma ray information as a new source file for different situations. Lastly, MCNPX2.5/MCNP4C is used to transport these gamma rays, for dose rate and shielding cask calculations.
All calculations are based on a 1.6 GeV, 500 kW (1.95×10 15 p/s) proton beam for 6 years irradiation (5000 hours full power operating time per year). The footprint proton beam profile is 16 cm width and 6 cm high, with double Gaussian distributions of 9.42 cm and 3.53 cm full width at half maximum (FWHM) in x and z directions. The cooling time for IRP maintenance is 7 days after the proton beam shut down. The acceptable dose rate is 1 mSv/h during IRP maintenance.
Calculation results

Calculation model
The tungsten target and the moderators were once detailed described at elsewhere [4] . The geometry model of the IRP is shown in Figure 1 . It is divided with three sections along the height direction. The inner bottom (IB) section is above the tungsten target, with height of 130 cm. It consists of the DWM, DPHM, Be reflector and a shielding block. The inner middle (IM) section is 110 cm high, including a shielding block with several pipes supplying for hydrogen and cooling water. The inner upper (IU) section, with height of 140 cm, is also a shielding block but with a step structure. Except the moderators and reflectors, the IRP is composed with stainless steel (SS316) at present, with density of 7.8 g/cm 3 . The composition are Fe57, 1.3%, Cr52, 13.8%, Cr53, 1.6%, Ni58, 7.9%, Ni60,2.4%, Mn55, 1.9%, in g/cm 3 . The composition are Fe57, 1.3%, Cr52, 13.8%, Cr53, 1.6%, Ni58, 7.9%, Ni60,2.4%, Mn55, 1.9%, in mass density. After several years irradiation, the two decoupled moderators will reach their life time. The IU, IM and IB sections will be changed out accordingly at the vertical direction. The division of the IRP into three parts is according to the assessments of the neutronics performance, the thermal hydraulic analysis and the shielding.
Activity and residual gamma ray
The main radionuclides produced in the IRP are H3, Cr51, Mn54, Fe55, Co57, Co58, and Co60, which have more than 1% contributions to the total activity and have more than 1 MeV high energy residual gamma rays. For better understanding of activity distributions in the IRP, the activity density at the centre position along the IRP is calculated, as shown in Figure 2 . One can see that for 500 kW beam power, the activity density at 60 cm above the target high reaches 10 8 Bq/cm 3 . At 350 cm high, it is about 1 Bq/cm 3 . The activity density presents an exponential decrease along the height of IRP. The activity density provides the initial information about the dose rate distributions in the three sections of the IRP. One can estimates that at 230 cm, gamma dose rate is less than 1 mSv/h, according the estimation of Refs. [5, 6] . This implies that at 230 cm or higher position, the steel block can be pulled out without temporally shielding cask. The activity in the IRP is also calculated and compared, among the IB, IM and IU sections. The activity evolution with decay time is showed in Figure 3 .
One can see that the largest activity appears in the IB section, which is nearer to the spallation target than the IM and IU sections. The total numbers of emitted photons from these three sections are also presented in Figure 3 . It can be seen that the evolutions of the emitted photon numbers in the IB, IM and IU sections are very similar with that of the activity evolutions. The comparisons of the activity and the emitted photon numbers indicate that the main decay style from the radionuclides in the IRP is residual gamma ray, taking about 70% for most cases. the dose rate to the maintenance operator on top of the IRP, at 340 cm above the target.While 4~6 are detectors for maintenance operator at 520 cm above the target. Calculation shows that when the top shielding block is pulled out, as shown in Figure 4 (a) , the dose rate to the operators is far below 1 mSv/h. It implies that the residual gamma rays from the IRP are greatly self shielded. While for the other three situations, the high dose rates should give much of concern. The dose rates corresponding to Figure 4 (b) (c) and (d) are listed in Table 1 , 2, and 3 respectively. The statistical errors are also listed for these detectors. One can see that the dose rate in Table 3 correspond to the worst situation during the IRP replacement. The reason is that without the shielding of the IM section, the intense gamma rays produced in the Fe reflectors can directly affect the operators during the IRP maintenance. Table 2 . Dose rates in detectors corresponding to Figure 4 (c). Table 3 . Dose rates in detectors corresponding to Figure 4 (d) .
Dose rate distribution
Shielding cask
Since the IRP is highly activated, it should be extracted into the temporary shielding casks during its maintenance. For the IU section, as we estimated in section 3.2, no cask is needed during its replacement. While for the IM and IB sections, different thickness of lead (Pb) casks are needed to shield the residual gamma rays. The radius of the IM section is 32.5 cm, 110 cm high. The Pb cask is out of the IM section, each cell with 2 cm thickness, as seen in Figure 5 . Calculation shows that for the IM section, the thickness of the Pb cask is 6 cm in radius, and 6 cm at the bottom. For the IB section, however, the Pb thickness in radius is 10 cm, the bottom lid is 10 cm, and the top lid is 7.0 cm. Such kind of shielding cask can temporally restore the IRP sections during it maintenance. The dose rate distributions for the IM and IB sections, with their geometries, are shown in Figure 5 and Figure 6 , respectively. Figure 7 shows the dose rate distribution along the radius (r=32.5 cm) of IB section and the Pb cask. One can see that for the IB itself, the dose rate presents somewhat increase. It implies that in the forward direction of the proton beam, the residual gamma ray produced in the forward direction is higher than that in the centre of target station. The Pb layer can effectively decrease the dose rate exponentially. 10 cm thickness of Pb cask can decrease the dose rate less than 1 mSv/h, which can be acceptable during its maintenance. Other materials of shielding casks are also in consideration.
Conclusion
During the design of CSNS target station, the life time of DPHM and DWM is found shorter than that of CHM. For cost saving consideration, the moderator-reflector plug is divided into IRP and ORP. These components are highly activated and release high intensity gamma rays, resulting the cautious operation during the maintenance procedure. Calculations and analyses were performed to assess the dose rates for the steps of the maintenance scenarios of the IRP. Calculation results showed that the activation along the centre of the IRP is decreased linearly. At 230 cm above the target, no cask is required for the change out of the shielding block. While for the IM section, the thickness of Pb cask is about 6 cm in radius. For the IB section, 10 cm thickness of Pb cask is required. During the change out of each section of the IRP, the gamma dose rates to the operators at 340 cm and 520 cm above the IRP were assessed. These results provide great references for the IRP maintenance. All calculations are performed by the codes MCNPX2.5 and CINDER'90 and two important perl scripts.
Calculations of dose rate and shielding cask require repeatedly interactions with mechanical engineers for the actual models, such as the gaps, pipes, materials, void space, such kinds of calculations and design are going on.
